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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The safe operation of thermal power plants (TPPs) is largely determined by the reliability of main components of steam systems 
of power units, to which belong the headers of boiler s perheaters. 
The aim of the study is to estimate the residual lifetime of superheater header starting from the initial defect size and up to the 
maximum allowable one. The above-mentioned lifetime is affected by the fluctuations of temperature under steady mode of 
operation of TPP superheater header. Superheaters headers operate in a steamy environment under the pressure of 15.5 MPa at 
temperature of 545 ºС. The header is a thick-walled cylinder made of 12Cr1MoV steel with a length of 2314 mm, outer diameter 
of 325 mm and thickness of 50 mm. 
To estimate the residual lifetime of header, the registered operational data of steam temperature in header were used. The 
temperature range of header under quasi-stable operational mode was divided into three classes: the temperature range (1) T < 10 
°C; (2) 10 °C < T < 30 °C; (3) T > 30 °C. The local minima and maxima were determined using the obtained steam temperature 
history. The stresses in the wall of header for the given temperature fluctuations were calculated by finite element method (FEM). 
The residual durability was evaluated taking into account the effect of thermo-mechanical stresses and also the stresses aused by 
internal steam p ssure. The stress intensity factors t the crack tip in the ligament between the holes of superheater collect r 
wer  estimated by . Based on the analysis of header defe ts, the proposed front shape was take  i  the form of semi-ellipse. 
The crack growth t 500 ° C was modelled by Paris equation.  
With the increase of temperature difference between the external and internal header surfaces from 10 °С to 50 °С, the number of 
cycles, that is necessary for the crack to reach 35 mm in depth, decreases approximately in 25 times. It was calculated, that the 
average value of temperature fluctuations is 15°С for the Class 1, and is 46.2 °С for the Class 2. The lifetime of header can be 
extended due to the decrease of fluctuations of temperature range and their frequency. 
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Nomenclature   
 a crack depth 
 C parameter of Paris equation 
IK  normal stress intensity factor 
minK  minimum stress intensity factor 
maxK  maximum stress intensity factor 
 w thickness of collector wall 
N  number of loading cycles 
 n parameter of Paris equation 
T temperature 
 t time 
K   stress intensity factor range 
T  temperature range 
  stress range min  minimum stress 
max  maximum stress 
yy  normal stress 
1. Introduction 
The safe operation of thermal power plants (TPPs) is determined by the reliability of basic elements of steam 
power system Dmytrakh et al. (2005), to which belong the boilers superheaters headers. The problem of ensuring the 
reliability of TPP equipment is being aggravated with the prolonged operation and with detected damage. The main 
factors that lead to the emergence of cracks is the inhomogeneous distribution of temperature field along the wall 
thickness and the high internal pressure steam. The durability of superheaters headers depends on the stresses, that 
arise in the most heavily loaded areas. Usually the cracks appear to the inner surface of the ligaments between 
nozzles holes Kwon et al. (2006), Yasniy et al. (2014).  
The aim of the work is to estimate the residual lifetime of superheater header from the current size defect and up to 
the maximum allowable one. The above-mentioned lifetime is caused by the fluctuations of temperature under quasi-
static operational regime of TPP superheater header.  
The information about header, from which the specimens were cut and its modes of operation are given in Table. 1. 
 
Table 1. The information about the header template, from which the specimens were machined 
# Parameters Value 
1. Block number 2 
2. Year of operation start 1976  
3. Header type (cold, hot) hot 
4. External header diameter, mm 325 
5. Steel grade 12Cr1MoV 
6. Number of starts during operation 1257 
7. Internal pressure during operation 14 MPa 
8. Operational temperature (external and internal walls) 545 °С – internal 565 °С – external 
9. Place of template cut ( distance from the end cap of header) 3.45 m 
10. Period of operation, hours 187000 
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ECF21.
 O. Yasniy et al. / Procedia Structural Integrity 2 (2016) 840–846 841
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
Lifetime estimation of superheater header 
O. Yasniya,*, Yu. Pyndusa, V. Brevusa, V. Iasniia, Y. Lapustab 
Ternopil Ivan Pul'uj National Technical University, Ruska 56, Ternopil, 46001, Ukraine 
Institut Pascal, UMR 6602 / UBP / CNRS / IFMA, Clermont Université, BP 265, 63175 Aubière Cedex, France 
Abstract 
The safe operation of thermal power plants (TPPs) is largely determined by the reliability of main components of steam systems 
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temperature of 545 ºС. The header is a thick-walled cylinder made of 12Cr1MoV steel with a length of 2314 mm, outer diameter 
of 325 mm and thickness of 50 mm. 
To estimate the residual lifetime of header, the registered operational data of steam temperature in header were used. The 
temperature range of header under quasi-stable operational mode was divided into three classes: the temperature range (1) T < 10 
°C; (2) 10 °C < T < 30 °C; (3) T > 30 °C. The local minima and maxima were determined using the obtained steam temperature 
history. The stresses in the wall of header for the given temperature fluctuations were calculated by finite element method (FEM). 
The residual durability was evaluated taking into account the effect of thermo-mechanical stresses and also the stresses caused by 
internal steam pressure. The stress intensity factors at the crack tip in the ligament between the holes of superheater collector 
were estimated by FEM. Based on the analysis of header defects, the proposed front shape was taken in the form of semi-ellipse. 
The crack growth at 500 ° C was modelled by Paris equation.  
With the increase of temperature difference between the external and internal header surfaces from 10 °С to 50 °С, the number of 
cycles, that is necessary for the crack to reach 35 mm in depth, decreases approximately in 25 times. It was calculated, that the 
average value of temperature fluctuations is 15°С for the Class 1, and is 46.2 °С for the Class 2. The lifetime of header can be 
extended due to the decrease of fluctuations of temperature range and their frequency. 
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the maximum allowable one. The above-mentioned lifetime is caused by the fluctuations of temperature under quasi-
static operational regime of TPP superheater header.  
The information about header, from which the specimens were cut and its modes of operation are given in Table. 1. 
 
Table 1. The information about the header template, from which the specimens were machined 
# Parameters Value 
1. Block number 2 
2. Year of operation start 1976  
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2. Temperature fluctuations. 
The operational data of registered temperature steam, which were provided by TPP, were used for the evaluation of 
residual durability. The steam temperature during header operation was measured with chromel-alumel thermocouple 
and was registered during 54.5 hours on analog potentiometer. 
Fig. 1 shows the digitized temperature dependence of steam during operational mode, which is interpreted as a 
typical for superheater header at constant loading without cold, semi-cold and hot starts of block. 
 
 
Fig. 1. The digitized temperature dependence of steam in superheater header under stable mode of operation 
 
To simplify the analysis while assessing the durability, the temperature fluctuation range under quasi-stable mode 
of header operation was classified similarly to Kwon et al. (2006).  Table 2 shows the steam temperature range and 
respective stresses for class. 
 
Table 2. The ranges of steam temperature fluctuations 
Class Temperature range, 
T,о С 
Number of 
temperature 
fluctuations, 
per day 
Maximum stress 
yy, MPa 
Stress range yy, 
MPa 
0 T < 10 151 to 58.4 19.0 
1 T < 30 87 to 96.3 56.9 
2 T > 30 1 to 127 87.5 
 
t, s 
T, ° C 
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The local maxima and minima on the digitized steam temperature history in superheater header were found, and 
afterwards the number of cycles of a certain class was determined. 
The number of temperature fluctuations was calculated for the period of 50.25 hours, and after that, it was 
recalculated for the day of operation for each class of loading, presented in Table 2. 
The range of normal stresses yy along the OY axis of collector pipe (Fig. 3), caused by the steam temperature 
fluctuations, was calculated by means of ANSYS software Yasniy et al. (2014). The full-scale model of the boiler 
superheater header in the form of a thick-walled cylinder with holes was created. The modelling involved solving an 
elastic three-dimensional problem. 
The model is built in a rectangular Cartesian system of coordinates. The inside and outside diameters of the 
collector are 235 mm and 325 mm, respectively. The holes are 22 mm in diameter, the angle between the axes of the 
holes in the XOY plane is 20 °. The spacing between the rows of holes along the OY axis is 80 mm. 
The 10-node 3D finite element SOLID87 was used for the calculations. This finite element has one degree of 
freedom (temperature) in each node and it is suitable for 3D modelling of complex curved shape by static and 
transient thermal analysis. The model meshing was performed using mapped face meshing (Fig. 1). The finite 
element mesh was thickened between the holes. The total number of finite elements in the model was 40432.  
The finite element SOLID87 was replaced by an equivalent 10-node structural element, SOLID187, to perform 
further calculations in the Static Structural module. SOLID187 is a 3D element, which consists of 10 nodes, each 
node having three degrees of freedom: movement in the directions OX, OY and OZ. This element also has the 
properties of elasticity, plasticity, hyper-elasticity, creep, stiffness, large deflections and strains. In addition, the 
element can be loaded with forces, stresses, displacements and temperature, either separately or in combination 
Ansys (2013). 
 
 
 
 
 
  
Fig. 2. The full-scale FE model of superheater header Fig. 3. The distribution of temperature field of header at internal surface temperature of 500°С, and external - of 560°С 
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 Fig. 4. The distribution of normal stresses yy  in the superheater header under internal pressure of  of 14 МПа and temperature of internal surface of 
500 °С, and external - of 560 °С 
  
 
The finite element mesh was refined in the vicinity of the crack front. The minimal spacing between the finite 
element nodes was 0.05 mm. The internal surfaces of the collectors cylinder, holes and crack surfaces were loaded 
with pressure and temperature. 
The dependence of normal stresses in the midpoint of the interval between the holes on the inner surface (in the 
middle of segment "surface") on the temperature difference T was obtained: 
 
    0 1 0,048yy yyT T T               (1)  
Table 2 shows the stresses yy, calculated by the formula ( 1) for the inner surface of the header in the middle of a 
ligament between holes. 
 
3. Determination of residual durability of superheater header.  
 
Table 3 presents the input data for the calculation of residual durability of superheater header with a defect of 25 
mm in depth along the central hole. 
It was assumed, that crack grows by Paris law Paris and Erdogan (1963): 
 
               dd
na C K
N
  ,  (2) 
 
where C , n  are the experimentally determined parameters; N  is the number of loading cycles; a  is the crack 
depth; max minK K K    is the stress intensity factor range (SIF), max min,K K are the maximum and minimum 
SIF of loading cycle, respectively. 
surface 
сentral 
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SIF was calculated by formula Yasniy et al (2014): 
 
 I , ,yy aK T a Y Tw 
      
         (3) 
where  
0,295/15,62; (0,54 0,32 )Ta aY T e
w w

             is the correction function, determined in Yasniy et 
al. (2014), w is the thickness of header wall. 
 
The С and n parameters of Paris law for 12Cr1MoV steel at 500° С were taken from Yasniy et al (2012), 
according to which С = 1,96·10-10   1MPam/cycle mm  , n = 2. 
The main parameters of operational loading of superheater header under quasi-stable mode of operation are given 
in Table 3 
 
Table 3. The main parameters of operational loading of superheater header under quasi-stable mode of 
operation 
Operational parameters Quasi-stable temperature 
fluctuations 
Loading waveform Saw-tooth 
Stress range elastic 
Frequency 5∙10-4 to 5∙10-3 
Stress ratio, R 0.3 – 0.6 
Number of occurrences per year Class 1: 31755 
 Class 2: 365 
 
  
Fig. 5. The dependency of crack depth along the hole of pipe on the number of loading cycles: T = 10 ° C – (1); 15 ° C – (2); 20 ° C 
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 Fig. 4. The distribution of normal stresses yy  in the superheater header under internal pressure of  of 14 МПа and temperature of internal surface of 
500 °С, and external - of 560 °С 
  
 
The finite element mesh was refined in the vicinity of the crack front. The minimal spacing between the finite 
element nodes was 0.05 mm. The internal surfaces of the collectors cylinder, holes and crack surfaces were loaded 
with pressure and temperature. 
The dependence of normal stresses in the midpoint of the interval between the holes on the inner surface (in the 
middle of segment "surface") on the temperature difference T was obtained: 
 
    0 1 0,048yy yyT T T               (1)  
Table 2 shows the stresses yy, calculated by the formula ( 1) for the inner surface of the header in the middle of a 
ligament between holes. 
 
3. Determination of residual durability of superheater header.  
 
Table 3 presents the input data for the calculation of residual durability of superheater header with a defect of 25 
mm in depth along the central hole. 
It was assumed, that crack grows by Paris law Paris and Erdogan (1963): 
 
               dd
na C K
N
  ,  (2) 
 
where C , n  are the experimentally determined parameters; N  is the number of loading cycles; a  is the crack 
depth; max minK K K    is the stress intensity factor range (SIF), max min,K K are the maximum and minimum 
SIF of loading cycle, respectively. 
surface 
сentral 
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SIF was calculated by formula Yasniy et al (2014): 
 
 I , ,yy aK T a Y Tw 
      
         (3) 
where  
0,295/15,62; (0,54 0,32 )Ta aY T e
w w

             is the correction function, determined in Yasniy et 
al. (2014), w is the thickness of header wall. 
 
The С and n parameters of Paris law for 12Cr1MoV steel at 500° С were taken from Yasniy et al (2012), 
according to which С = 1,96·10-10   1MPam/cycle mm  , n = 2. 
The main parameters of operational loading of superheater header under quasi-stable mode of operation are given 
in Table 3 
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The number of temperature fluctuations is equal to 87 times a day for Class 1 and 1 time per day for the Class 2 
and they occur each 0.28 and 24 hours, accordingly. 
The number of cycles for a crack to grow from the current depth of 25 mm to a critical defect size of 35 mm is 
shown in Fig. 4. With the increase of temperature difference between the external and internal surfaces of header 
from 10 ° C to 50 ° C the number of loading cycles required for a crack to grow to a depth of 35 mm is reduced in 
24.72 times from 2.2∙106 to 8.9∙104, or from 251.17 thousand hours to 10.16 thousand hours. It was calculated, that 
the average magnitude of temperature fluctuations is 15 °C for Class 1 and is 46.2 °C for Class 2. For a crack to 
grow from the current depth of 25 mm to a critical defect size of 35 mm under temperature fluctuations of Class 1 
(Class 2) there must be 112 thousand hours and 10.2 thousand hours of operation. 
It was assumed that the mechanism of crack growth is determined only by fatigue, which can be divided into 
Class 1 and Class 2 temperature fluctuations. 
The extension of header lifetime can be achieved by reducing the temperature fluctuations range and their 
frequency. 
 
Conclusions.  
 
The residual durability superheater header was investigated by analyzing the stresses calculated by the finite 
element method to determine the maximum allowable size of the defect and the time of its growth up to a critical 
depth along the center hole. 
The loading cycles due to thermal fluctuations were grouped into two classes. It was revealed that the steam 
temperature fluctuations under quasi-stable mode of operation greatly contribute to the growth of cracks. These 
loading cycles were identified and determined to be the most influential factor in the growth of cracks. The 
dependences of the residual life of superheater heater on temperature fluctuations under the quasi-stable mode of 
operation were obtained. 
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